The structure and the magnetic properties of an InGaAs/Fe 3 Si superlattice in a cylindrical geometry are investigated by electron microscopy techniques, x-ray diffraction and magnetometry. To form a radial superlattice, a pseudomorphic InGaAs/Fe 3 Si bilayer has been released from its substrate self-forming into a rolled-up microtube. Oxide-free interfaces as well as areas of crystalline bonding are observed and an overall lattice mismatch between succeeding layers is determined. The cylindrical symmetry of the final radial superlattice shows a significant effect on the magnetization behavior of the rolled-up layers.
Introduction
The invention and realization of planar superlattices have motivated fundamental as well as application-related research over more than 30 years. Among other properties, the great success of this technology relies on high quality interfaces found especially in epitaxial semiconductor heterostructures. Such interfaces in superlattices allow for the utilization of quantum size effects modifying fundamental optical, electronic or magnetic properties of the heterostructures compared to the bulk material. 1 As classical superlattices are realized mainly by planar growth techniques, 1 they are restricted to planar geometries even if other geometries are of fundamental interest. 2, 3 More recently, hybrid semiconductor/magnetic radial superlattices (RSL) 4 have been realized by the roll-up of strained layer systems. 5, 6 For potential applications of these RSLs in electrical heterojunctions, tunnel contacts or spin injection devices, the detailed structure of the interfaces as well as the cylindrical geometry will play a major role. For semiconductor-based RSLs the possibility of perfect interfaces has been theoretically investigated 7 and studied previously by transmission electron microscopy (TEM) in detail. [8] [9] [10] [11] [12] In these investigations, mostly a disturbed interface region is reported with the exception of the overgrowth on a GaAs (110) cleaved edge, where a dislocated but crystalline bonded interface was found. 12 Also the interfaces of hybrid semiconductor/metal RSLs have been studied in detail 4, 13 and normally an oxide-rich interface layer has been observed.
In this work, we investigate the structure and the magnetic properties of an In 0.2 Ga 0.8 As/Fe 3 Si RSL by complementary experimental techniques. Apart from a thorough study of the interfaces of succeeding periods of the hybrid superlattice, we investigate the lattice mismatch by taking advantage of the cylindrical symmetry of the structure. We find areas of nearly perfect crystalline bonding and an overall lattice mismatch of 2.8% determined by x-ray diffraction.
The special cylindrical geometry is also reflected in the magnetic properties of the RSLs changing the symmetry plane of the magnetization axes compared to the planar film.
Experimental details
An initial InGaAs/Fe 3 Si bilayer was fabricated by the combination of III-V molecular beam epitaxy (MBE) and thermal co-evaporation on GaAs (001) substrates. The MBE layers consist of a 10 nm thick AlAs sacrificial layer, followed by 20 nm In 0.2 Ga 0.8 As. After MBE growth the samples are removed from the ultra-high-vacuum chamber and transferred into a second thermal evaporation chamber. To form an epitaxial bilayer, the MBE-grown III-V surface is thermally deoxidized and a 20 nm Fe 3 Si layer is grown pseudomorphically on top of the InGaAs layer by co-evaporation of Fe and Si. Tube formation is initiated ex-situ by selective wet chemical removal of the sacrificial AlAs layer with diluted HF. By releasing the inherently strained bilayer from its substrate, it will roll up and form a hybrid InGaAs/Fe 3 Si RSL 4 on the sample surface. The rolled-up tube diameter was measured by SEM and an average value of 1200 nm is obtained. To investigate the RSLs structure, tube cross-sections were carefully prepared by focused ion beam (FIB) etching using a Zeiss NVision. These elements oscillate periodically as expected for the RSL structure, easily allowing to discriminate between the two material classes forming the superlattice. The slight drop in the In concentration observed for the semiconductor layer near the InGaAs/Fe 3 Si interface is attributed to the thermal deoxidation during the Fe 3 Si deposition. During this process the InGaAs layer temperature exceeds the Indium desorption temperature 16, 17 resulting in a Ga rich surface.
Additionally, the oxygen content was monitored during EDX analysis. In contrast to other semiconductor/metal hybrid RSLs, 13 no significant oxide-related peak is found at the InGaAs/metal or the metal/InGaAs interface (succeeding layers). Only a slight increase of the oxygen background is noticed in the middle of the Fe peaks. This rise is assigned to an overlap of the Fe and the O signal during EDX and not to a presence of oxygen in the layer. The false color EFTEM image (Fig 1(b) ) supports the interpretation revealing only a faint oxide presence at the outer and inner boarders of the whole superlattice as well as in one small region of the Fig. 2(a) ). Again, the interface is identified by its bright contrast in the middle of the HRTEM image. Surprisingly, undisturbed regions are found in parts of the image were the lattice fringes show no breaks indicating a lattice matched, crystalline bonding of the two layers.
To confirm the good lattice alignment of the two succeeding periods of the RSL, FFTs are derived for the Fe 3 Si and the InGaAs layer and depicted in the two insets of Fig. 2(c) . As in Fig.   2(b) we marked the central spot as well as two dominating peaks in the FFT. When compared, only a slight mismatch between the angular alignments of the two FFTs is observed (red triangle and yellow circle), reinforcing the conclusion of a highly lattice matched bonding between the two periods in this area.
To obtain complete crystalline interfaces, the lattice mismatch δ between succeeding windings has to be small enough to accommodate elastically any strain in the crystalline layers. For the RSL, the lattice mismatch is defined as δ=∆a/a t,o , where ∆a is the lattice difference between the outer tangential lattice parameter a t,o and the inner lattice parameter a t,i of the next winding.
Using the linear dependence of a t 18 and assuming that the lattice parameters will not significantly change from winding to winding, δ depends on the layer thickness d and the radius R (curvature 1/R) of the rolled-up tube:
Since R can easily be calculated, 19 if the tube reaches the mechanical equilibrium, and R and d are accessible by direct methods, δ can be determined theoretically as well as from our SEM/TEM data (δ=2.7% for the theoretical growth parameter and tube diameter, δ=3.2% determined from the measured SEM/TEM values). Complementary to this, x-ray diffraction offers direct access to lattice parameters 15, 20 providing the possibility to directly measure δ. A measured XRD intensity curve given as a function of the coplanar diffraction vector q= 4π sin(θ)/λ (where θ is the diffraction angle and λ the wavelength) in the vicinity of the (004) reflection of a rolled-up InGaAs/Fe3Si RSL is shown in Fig. 3(a) Fig. 3(a) ) as well as the diffraction curve (solid line in Fig. 3(a) ) by a least square fit. For the calculation of the lattice parameter profile and the subsequent tube diffraction, we assume that the lattice parameter of Fe 3 Si is matched in the unrolled layer with the GaAs substrate, within our experimental resolution of ±0.008 Å, for both in-plane and out-of plane directions. This assumption is supported by the observed overlap of GaAs and Fe 3 Si (004) diffraction peaks in the flat layers (not shown here).
The positions of the measured XRD peaks are well described by the theoretical line and using the calculated a t , we determine δ to 2.8%. The width of the InGaAs peak is similar to the theoretical calculation whereas the Fe 3 Si measured peak width is broader. We attribute this experimentally observed broadening to a slight in-plane crystalline disorder of the metallic To compare δ deduced from TEM, XRD as well as from pure calculations, δ is plotted in Fig.   3 (b) as a function of the Fe 3 Si layer thickness and the initial strain in the planar layer using Eq. reports. [22] [23] [24] In contrast to the planar film, the in-plane magnetization curves measured for rolledup tubes are nonequivalent and no longer exhibit rectangular loops, but instead show smoother behavior, that indicates a harder switching. Furthermore, the shape of the hysteresis curve along the out-of-plane direction is closer to the in-plane measurements and the saturation field is shifted to lower values. These results are attributed to the change in the geometry from a planar film to the cylindrical symmetry of the RSL. This behavior has an analogy with the observed 2D
powder behavior of tubes in coplanar x-ray diffraction, 20 where the roll-up of the planar layer makes the tube axis also the unique symmetry axis. In the magnetic case, the tubes keep the properties of the planar film (the easy axis) along this new symmetry axis. All perpendicular directions to this axis should behave (at least qualitatively) similar, as observed in our experiments.
Conclusions
In conclusion, we have investigated the interfaces, the lattice mismatch and the magnetic which are governed by the special cylindrical symmetry of these structures, distinguishing them from their traditional counterparts in planar superlattice geometries.
